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Class E genomeThe class E genome of human cytomegalovirus (HCMV) contains long and short segments that invert due to
recombination between ﬂanking inverted repeats, causing the genome to isomerize into four distinct
isomers. To determine if isomerization is important for HCMV replication, one copy of each repeat was
deleted. The resulting virus replicated in cultured human ﬁbroblasts with only a slight growth impairment.
Restriction and Southern analyses conﬁrmed that its genome is locked in the prototypic arrangement and
unable to isomerize. We conclude that efﬁcient replication of HCMV in ﬁbroblasts does not require (i) the
ability to undergo genome isomerization, (ii) genes that lie partially within the deleted repeats, or (iii)
diploidy of genes that lie wholly within repeats. The simple genomic structure of this virus should facilitate
studies of genome circularization, latency or persistence, and concatemer packaging as such studies are
hindered by the complexities imposed by isomerization.rginia Commonwealth Univer-
23298-0163, USA. Fax: +1 804
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Herpesviruses have large (150-kb to 235-kb) double-stranded
linear DNA genomes that are categorized into six classes designated
A–F based on structural complexities related to the presence of direct
and inverted repeats (Roizman and Pellett, 2001). Herpes simplex
virus type 1 (HSV-1), herpes simplex virus type 2, and human
cytomegalovirus (HCMV) have class E genomes that feature a long
segment (L) composed of unique long (UL) sequences bordered by
inverted ab and b′a′ repeats, a short segment (S) composed of unique
short (US) sequences bordered by a′c′ and ca inverted repeats, and an
L/S junction composed of b′a′c′ sequences (Fig. 1A). In a process
termed isomerization, the L and S segments independently invert,
forming four genomic isomers designated prototype (P), inverted L
(IL), inverted S (IS), and inverted L and S (ILS) (Delius and Clements,
1976; Hayward et al., 1975; Kilpatrick and Huang, 1977; LaFemina
and Hayward, 1980; Sheldrick and Berthelot, 1975; Skare and
Summers, 1977; Wilkie, 1976).
That isomerization occurs by homologous recombination between
inverted repeats was ﬁrst suggested by studies inwhich insertion of L/S
sequences into the UL region of the HSV-1 genome gave rise to
additional genome inversions (Mocarski et al., 1980). Subsequent
studies revealed that HSV-1 isomerization does not require speciﬁcinverted sequences (Chou and Roizman, 1985, 1989; Davison and
Wilkie, 1981, 1983; Dutch et al., 1995, 1992, 1994; Mocarski and
Roizman, 1982a,b; Pogue-Geile et al., 1985; Pogue-Geile and Spear,
1986; Sarisky and Weber, 1994; Smiley et al., 1990, 1981, 1992;
Varmuza and Smiley, 1985; Weber et al., 1988, 1990) but does require
replication by the highly recombinagenic HSV-1 DNA synthesis
machinery (Dutch et al., 1992; Mocarski and Roizman, 1982a; Sarisky
and Weber, 1994; Weber et al., 1988, 1990).
The signiﬁcance of genome isomerization is not known. It is not
required for replication because many herpesviruses do not contain
inverted repeats or invertible elements (Roizman and Pellett, 2001),
and deletion of the majority of the b′a′c′ region from the HSV-1
genome gives rise to replication competent mutants that do not
undergo genome isomerization (Jenkins and Roizman, 1986; Poffen-
berger and Roizman, 1985; Poffenberger et al., 1983). While such
isomerically “frozen” mutants exhibit very modest growth impair-
ments in vitro, they are profoundly attenuated in vivo, suggesting that
either isomerization or diploidy of genes encoded by bac/b′a′c′
sequences are important in vivo (Jenkins et al., 1996; Jenkins and
Martin, 1990).
To date, HSV-1 remains the only class E genome virus in
which isomerically frozen b′a′c′ deletion mutants have been charac-
terized. Moreover, no mutants have yet been constructed in which
the entire b′a′c′ region is deleted (HSV-1 mutants retain small
amounts of b′ and c′ sequences at the UL/b′ and c′/US boundaries)
(Jenkins et al., 1996). In this study, we sought to determine if dele-
tion of the entire b′a′c′ region from the class E genome of HCMV
eliminates genome isomerization and how this impacts viral re-
plication in vitro.
Fig. 1. Deletion of the L/S junction from the HCMV genome. (A) The P genome isomer of parental virus HB15Tn7Δk is shown with ab and b′a′ repeats ﬂanking UL and a′c′ and ca
repeats ﬂanking US, the attTn7 site (Tn7) inserted in UL, and the BAC origin cassette (BAC) inserted in US. Below is shown the HB15ΔL/S genome in which Kn replaces b′a′c′.
Sequences deleted from HB15Tn7Δk are indicated using nucleotide numbers that correspond to the AD169 genome sequence (Chee et al., 1990). The Kn-BAC origin region is
expanded below to show the predicted sizes (bp) of diagnostic XbaI fragments, direct duplications of US2 sequences that allow excision of the BAC origin by homologous
recombination, and LoxP sites (P) ﬂanking the BAC origin. (B) Restriction analyses of HB15ΔL/S and HB15Tn7Δk. Virion DNAs from HB15ΔL/S (M) and HB15Tn7Δk (WT) were
digested with the indicated restriction enzymes. The resulting DNA fragments were separated on 0.7% agarose and visualized with ethidium bromide and UV light. Colored boxes
indicate fragments that are lost or created in HB15ΔL/S by deletion of b′a′c′ (green), fragments that are unique to HB15ΔL/S by virtue of the Kn insertion (red), fragments that
indicate retention of the BAC cassette in HB15ΔL/S (yellow), IS isomer S-terminal fragments missing from HB15ΔL/S (white), and a P isomer S-terminal fragment that is half-molar
in HB15Tn7Δk and equimolar in HB15ΔL/S (blue). The positions and sizes (kb) of DNA size markers are shown on the right.
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Construction of HB15ΔL/S
The HB15Tn7Δk bacterial artiﬁcial chromosome (BAC) was derived
from BAC HB15 (Hobom et al., 2000). It contains the HCMV genome
(strain AD169) modiﬁed with a mini-attTn7 site in UL18 (Hahn et al.,
2003a), a LoxP-ﬂanked BAC origin cassette between US1 and US2, and a
short duplication of US2 sequences that facilitates excision of the BAC
cassette by homologous recombination (Fig. 1A) (Hobom et al., 2000).
To construct an HCMV genome lacking the internal b'a'c' sequences,
linear recombination in Escherichia coli was used to replace the b'a'c'
sequences in HB15Tn7Δk with a kanamycin resistance (Kn) marker.
Candidate cloneswere selectedwith kanamycin and screenedusingPCR
assays spanning the predicted UL–Kn and Kn–US junctions (not shown).
Two clones were further analyzed by XbaI restriction (not shown). As
predicted, both clones contained novel 1.6- and 2.3-kb XbaI fragments
indicative of correct insertion of the Kn marker (Fig. 1A). Clone 2 was
designated HB15ΔL/S.
HB15ΔL/S BAC DNA was transfected into human MRC-5 ﬁbro-
blasts to determine if it could reconstitute a replication competent
virus. Viral cytopathic effect was detected 15 days after transfection,
and subsequent serial passage did not suggest an obvious growth
defect (not shown).
Restriction analysis of HB15ΔL/S virion DNA
To further conﬁrm the genomic structure of HB15ΔL/S and rule
out possible unforeseen rearrangements or deletions, restriction
fragment patterns for HB15ΔL/S and HB15Tn7Δk virion DNAs werecompared using a panel of restriction enzymes (Fig. 1B). Most of the
observed restriction pattern differences were predicted by deletion of
b′a′c′ sequences (Fig. 1B, green boxes) or insertion of Kn (Fig. 1B, red
boxes) or were consistent with retention of the BAC origin cassette in
HB15ΔL/S and its excision from HB15Tn7Δk (Fig. 1B, yellow boxes).
The latter results were not surprising given that excision is largely
driven by selection against the packaging of over length genomes and
even with the BAC cassette retained the HB15ΔL/S genome is under
length, while that of HB15Tn7Δk would be signiﬁcantly over length
were the BAC cassette not excised.
The remaining differences could be attributed to a failure of the S
segment of HB15ΔL/S to invert. In HB15Tn7Δk, terminal restriction
fragments can differ in size according to the orientations of the L or S
segments if the restriction site nearest the genomeend fallswithin UL or
US. Thus, L or S segment inversion can be detected by the presence of
terminal fragments unique to IL or IS genomes. Table 1 shows predicted
terminal fragment sizes for the enzymes used here. MfeI and XbaI cut
within the b repeat, and therefore, L terminal fragments from P and IL
genomes are identical, while for the remaining enzymes, the L terminal
fragments were too large to resolve. Hence, this analysis was unable to
evaluate L segment inversion. However, several S-terminal fragments
unique to IS genomeswere easily resolved and in each casewere present
in HB15Tn7Δk DNA but absent from HB15ΔL/S DNA (Fig. 1B, white
boxes), indicating that the S segment of HB15ΔL/S does not invert.
Failure of the S segment to invert further predicts that S terminal
fragments from the P orientation should be equimolar in HB15ΔL/S
since all genomes should have this S end, while in HB15Tn7Δk the same
fragments should be half-molar since half the genomes have a different
S end. This was clearly the case for the 3.5-kb S-terminalMfeI fragment
(Fig. 1B, blue box).
Table 1
Sizes⁎ (kb) of Terminal and Junction restriction fragments for the four genomic isomers.
L terminal S terminal Junction
P IL P IS P IL IS ILS
BglII 31.1 18.0 12.7 17.7 35.2 48.3 30.2 43.3
HindIII 17.2 12.6 17.7 7.0 19.0 23.6 29.7 34.4
SnaBI 11.4 11.5 14.5 3.6 14.5 14.5 25.4 25.3
MfeI 6.5 6.5 3.5 2.6 8.6 8.6 9.4 9.4
NheI 12.0 21.1 21.6 4.5 25.0 15.9 42.2 33.0
XbaI 8.0 8.0 11.2 11.5 18.9 18.9 18.6 18.6
⁎ Junctions and L-termini can contain one to several a sequences, whereas S-termini
contain predominantly zero or one a sequence (Tamashiro et al., 1984; Tamashiro and
Spector, 1986). Sizes given are for fragments that contain one a sequence.
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The agarose-separated fragments shown in Fig. 1B were trans-
ferred to a nylon membrane and hybridized with probes pON1101 to
detect fragments internal to the BAC origin, pON227 to detect
restriction fragments from the L end of the genome, and pON2333
to detect fragments from the S end of the genome. The latter two
probes are predicted to hybridize to junction fragments in addition to
terminal fragments. The predicted fragment sizes for each enzyme are
given in Table 1.
The pON1101 probe failed to hybridize to HB15Tn7Δk DNA,
conﬁrming that the BAC origin had efﬁciently self-excised from the
HB15Tn7Δk genome (not shown). For HB15ΔL/S DNA, each restric-
tion digest contained a fragment that hybridized to pON1101 and had
a size consistent with retention of the BAC origin in HB15ΔL/S (not
shown).
In HB15Tn7Δk DNA, the pON227 probe detected the 12-kb NheI L-
terminal fragment from P genomes as well as several larger hard-to-
resolve fragments including the 21-kb L-terminal fragment from IL
genomes and junction fragments from P, IL, IS, and ILS genomes (Fig. 2).
Similar results were obtained for SnaBI and HindIII fragments probed
with pON227 and for XbaI fragments probed with pON2333. In each
case, all of the larger junction fragments weremissing fromHB15ΔL/S
DNA (Fig. 2). The lack of P junctionswas predicted due to the deletion;
however, the lack of IL, IS, and ILS junctions clearly demonstrates that
HB15ΔL/S fails to undergo both S and L segment inversion.Fig. 2. Southern analyses of HB15ΔL/S and HB15Tn7Δk. DNA fragments from the gel shown i
pON227 to detect L-terminal fragments and junctions or with pON2333 to detect S-terminalIn some digests, terminal fragment size differences were sufﬁcient
to differentiate IL or IS genome ends from P genome ends. HindIII
analysis provided clear evidence that the L segment of HB15ΔL/S does
not invert because the 12.6-kb HindIII IL L-terminal fragment was
clearly resolved in HB15Tn7Δk DNA but absent from HB15ΔL/S DNA
(Fig. 2). Similarly, as noted above, HB15ΔL/S DNA lacked hybridizing
fragments migrating in the region where the 21-kb NheI IL L-terminal
fragment should migrate (Fig. 2). Owing to the large sizes of these
fragments, the heterogeneity that occurs at both junctions and
termini as a result of variable reiterations of the 0.5-kb a sequence
(Tamashiro et al., 1984; Tamashiro and Spector, 1986) was not
apparent. However, theMfeI S-terminal fragments were small enough
to reveal variations in the number of terminal a sequences, and hence,
these patterns contained additional fragments that formed ladders
with ∼0.5-kb increments. S-terminalMfeI fragments from P genomes
(3.0-, 3.5-, and 4.0-kb fragments representing S-termini with zero,
one, and two a sequences, respectively) were present on both
genomes. However, the 2.1- (no a sequence) and 2.6-kb (one a
sequence) fragments indicative of IS genomes were present in
HB15Tn7Δk but absent fromHB15ΔL/S DNA (Fig. 2), again conﬁrming
that HB15ΔL/S fails to undergo S segment inversion.
HB15ΔL/S replicates with a slight growth impairment relative to
HB15Tn7Δk
To determine if failure to isomerize or deletion of the internal L/S
junction has an impact on viral replication, single-step (MOI=4) and
multistep (MOI=0.01) growth curveswere performedwithHB15ΔL/S,
its parental virus HB15Tn7Δk, and AD169 (the strain from which
HB15Tn7Δk was derived). Interestingly, HB15Tn7Δk replicated to
slightly higher titers than AD169, suggesting that our AD169 stock,
which was obtained from ATCC in 1980, may have diverged from the
stock that was used to construct HB15Tn7Δk (Hobom et al., 2000).
While this comparison serves as a measure of intrastrain variation, the
valid comparison is between HB15ΔL/S and its parental virus
HB15Tn7Δk. Under both MOI conditions, HB15ΔL/S achieved titers
approximately 1–1.5 logs lower than those of HB15Tn7Δk and, at low
MOI, exhibited somewhat delayed kinetics (Fig. 3). While these
differences could be attributable to intrastrain variation (as suggested
by the range between HB15Tn7Δk and AD169), it should be noted that
while the AD169 and HB15Tn7Δk stocks are distantly related, then Fig. 1B were transferred to a nylon membrane and sequentially hybridized with probe
fragments and junctions. The sizes (kb) of relevant restriction fragments are indicated.
Fig. 3. Growth curves of virus strain AD169 and BAC-derived viruses HB15ΔL/S and
HB15Tn7Δk. Carefully matched inocula of each virus were used to infect MRC-5 cells at
MOIs of 0.01 (A) or 4 (B) and titers of infectious virus in the culture supernatants were
determined on the days indicated.
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limited passage after reconstitution from their respective BAC DNAs.
Thus, it is likely that, similar to HSV-1 isomerically frozen mutants,
deletion of HCMV b′a′c′ sequences results in modest decreases in viral
replicative ﬁtness.
Discussion
Structurally complex genomes able to form multiple genome
variants are a hallmark of the Herpesviridae. Isomerization, the process
of segment ﬂipping due to recombination between inverted repeats, is
common in viruses of the alpha subfamily; arrays of reiterated direct
repeats that vary in length depending on the number of repeat copies
are a common feature of genomes from the gamma subfamily; whereas
in the beta subfamily, direct terminal repeats that are sometimes
reiterated but often single copy are common. Unique among betaher-
pesviruses is the highly complex class E genome of HCMV.
Early on, the class E genome structure of HSV-1 and the
phenomenon of isomerization was believed to be integral to and
perhaps demonstrative of a unique mechanism of DNA replication.
This idea was disproved when it was found that HSV-1 mutants
deleted of their internal repeats do not isomerize yet are replication
competent in vitro (Jenkins and Roizman, 1986; Poffenberger and
Roizman, 1985; Poffenberger et al., 1983). Moreover, that a virus that
normally does not isomerize can gain the ability to isomerize simply
by artiﬁcial creation of inverted repeats (McVoy and Ramnarain,
2000) further suggested that there is nothing unique about the
replication mechanisms or enzymatic machinery of viruses that
isomerize versus those that do not—probably any herpesvirus genomewill isomerize during replication if it contains inverted repeats. Thus,
isomerization appears to have arisen by serendipity, a consequence of
accidental acquisition of inverted repeats and a replication mecha-
nism that is highly recombinagenic by nature.
Even so, inverted repeats have been retained in the genomes of
many herpesviruses and this suggests a replicative advantage in vivo,
if not in vitro. Indeed, isomerization-defective HSV-1 mutants have
been shown to be attenuated in vivo (Jenkins et al., 1996; Jenkins and
Martin, 1990), but this could be an effect of gene dosage rather than
an advantage conferred by isomerization because, by necessity, these
studies compared wild type HSV-1, in which genes within the repeats
are diploid, to isomerization-defective mutants in which these genes
are haploid. Thus, inverted repeats may serve as a stable way to
double the dosage of certain genes. Alternatively, isomerization and/
or the presence of an internal cleavage site may be important in
certain species, tissues, or cell types. Although noninverting mutants
of HSV-1 replicate well in cell culture, they failed to replicate locally in
corneal or brain tissues of mice following direct inoculation (Jenkins
et al., 1996). Similarly, acquisition of a class E genome by pseudorabies
virus provides a growth advantage in chicken cells and in chickens
and a disadvantage in rabbit cells and in mice (Reilly et al., 1991). The
growth defect in rabbit cells was linked to inefﬁcient genome
packaging associated with pronounced alterations in the structure
of concatemeric DNA (Rall et al., 1991).
Here, we sought to ascertain whether HCMV would tolerate
deletion of its b′a′c′ sequences, whether this would result in an
isomerization-defective genome, and whether this would impact the
efﬁciency of viral replication in vitro. The results clearly demonstrate
that like HSV-1, deletion of the b′a′c′ sequences results in an
isomerization-defective HCMV that replicates with nearly wild type
efﬁciency, at least in ﬁbroblast cells. This is the ﬁrst class E genome in
which the b′a′c′ region has been fully deleted and the ﬁrst
characterization of an isomerically frozen class E mutant other than
HSV-1. These results are similar to those obtained with HSV-1
mutants, in that HB15ΔL/S is replication competent but exhibits a
modest growth impairment relative to its parental virus. As for the
HSV-1 frozen mutants, the growth defect could either derive from
changes in gene expression or the inability to isomerize.
That the HCMV genes encoded within the deleted b′a′c′ sequences
are dispensable was largely predictable from prior studies. The two
haploid genes that are disrupted in HB15ΔL/S, IRL13 and IRS1, have
been individually deleted without impact on ﬁbroblast replication
(Blankenship and Shenk, 2002; Dunn et al., 2003; Jones and
Muzithras, 1992; Yu et al., 2002). The remaining genes, all within b′,
are diploid in HB15Tn7Δk but haploid in HB15ΔL/S. However, it is
important to note that these genes are not normally diploid. The strain
AD169 genome has large 11-kb b repeats, whereas the b repeats of
HCMV clinical strains are typically smaller than 1 kb. Current evidence
suggests that during in vitro propagation of strain AD169 a ∼10-kb
region of UL encoding RL1–RL12 was duplicated, inverted, and
inserted adjacent to b′, greatly expanding the b repeats and rendering
RL1–RL12 diploid (Prichard et al., 2001). However, haploidy of these
genes does not necessarily result in impaired growth. The varL variant
of strain Towne has 60-bp b repeats, is haploid for all of the diploid b
sequence genes of AD169 (Bradley et al., 2009), yet replicates in
ﬁbroblasts to titers comparable if not superior to those attained by
strain AD169 (Hahn et al., 2003b). Even so, there remains a possibility
that, like pseudorabies virus, a class E genome might provide HCMV
with a replication advantage in certain cell types. For ﬁbroblasts at
least this appears not to be the case. While it would be of interest to
evaluate replication efﬁciencies in other cell types such as epithelial
and endothelial cells, the genetic background of HB15ΔL/S and
HB15Tn7Δk does not permit efﬁcient entry into such cell types due to
a mutation in UL131 (Hahn et al., 2004; Wang and Shenk, 2005).
Deletion of b′a′c′ from a strain with broad tropism will be needed to
evaluate the importance of a class E genome in other cell types.
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proposed for retention of inverted or direct repeats, as such repeats
may allow genomes to quickly regain an optimal genome length after
acquiring or losing sequences (Cui et al., 2009). This was suggested
partly by the observation that during passage in vitro both strain
AD169 and the varS variant of strain Towne appear to have lost up to
15.5 kb from UL, yet genome length remained essentially unchanged
due to compensatory enlargements of the b′ repeats (Prichard et al.,
2001). Thus, in theory, loss or acquisition of sequences could be
quickly compensated by modulating the length of inverted repeats.
There are several practical uses for HB15ΔL/S or similar deletion
mutants. Deletion of the 13-kb b′a′c′ region allows relatively large
insertions of foreign sequences for vaccine vector or gene expression
purposes. Moreover, HB15ΔL/S contains an attTn7 site that facilitates
rapid site-speciﬁc insertion of foreign sequences by Tn7-mediated
transposition (Hahn et al., 2003a). Also, because HB15ΔL/S virion
DNA lacks internal junctions, circular or concatemeric DNA can be
differentiated from virion DNA by the presence of terminal junctions.
Assays based on detection of such junctions may be useful for in vitro
studies of HCMV genome circularization, latency, or persistence. In
our investigations, HB15ΔL/S has been invaluable for probing the
molecular mechanisms of DNA packaging inhibitors (Sauer and
McVoy, unpublished data) and mutagenic analysis of HCMV DNA
cleavage/packaging signals (Wang and McVoy, unpublished data)
using a system analogous to one constructed in murine cytomegalo-
virus (Wang et al., 2008). Such studies are intractable in the context of
the isomerization-competent genome.
Materials and methods
Cell and virus culture
HCMV strain AD169 and BAC-derived viruses HB15Tn7Δk and
HB15ΔL/S were propagated in MRC-5 human fetal lung ﬁbroblasts
(ATCC CCL-171) using Eagle's minimum essential medium supple-
mented with 10% fetal bovine serum, 10,000 U/mL penicillin G,
10,000 µg/mL streptomycin sulfate, and 29.2 mg/mL L-glutamine
(Gibco-Invitrogen).
Recombinant virus construction
BAC HB15Tn7Δk was derived from pHB15, an infectious BAC clone of
the HCMV strain AD169 genome (Hobom et al., 2000), by insertion of a
lacZα-mini-attTn7-Kn cassette at the UL18 locus and subsequent removal
of Kn by methods described previously (Hahn et al., 2003a; Wang and
McVoy, 2008). BAC HB15ΔL/S was constructed from HB15Tn7Δk using
linear recombination to substitute Kn for HCMV nucleotides 178,167 to
191,415 (as numbered in GenBank accession no. X17403 (Chee et al.)). A
Kn-lacZ cassette from pYD-Tn1721 (a gift from Dong Yu) was PCR-
ampliﬁedusingprimers pYD1721-F (5′-CGGTCATATCTGTTTCCTGTA) and
pYD1721-R (5′-AGCGGCCGCAGACTACAAGGA) and ligated into pGEM-T
Easy (Promega) to make plasmid pMA228. Digestion with PacI and
religation then removed lacZα to produce plasmid pMA236. Primers
forward ΔL/S (5′-CAGTTCATGTAAAAGTCGGTCTCGCCGTGTCCGGCCACG
AAGAGGCTGCTCGGTCATATCTGTTTCCTGTA) and reverse ΔL/S (5′-
TGCGAGGGGATCATTTATGGGGTCACCGCGTTGTTCGCGAAACATGAACT
AGCGGCCGCAGACTACAAGGA) were then used to PCR amplify Kn from
pMA236 to produce a PCR product composed of Kn ﬂanked by HCMV
homology sequences (underlined). Linear recombination between the
PCR product and BACHB15Tn7Δkwas conducted as previously described
(Wang and McVoy, 2008). Candidate clones were screened by PCR to
identify cloneswith proper insertion of Kn (not shown). Two cloneswere
further analyzed by XbaI restriction (not shown) and clone 2 was
subsequently designated as HB15ΔL/S. Viruses HB15ΔL/S and
HB15Tn7Δk were reconstituted by transfection of their respective BAC
DNAs into MRC-5 cells as described previously (Hahn et al., 2003a).DNA preparation, restriction, and Southern hybridization
Maxi-prep BAC DNAs were prepared using the Nucleobond BAC
DNA puriﬁcation kit (ClonTech) as previously described (Cui et al.,
2008). Virion DNAs were made by low MOI infection of conﬂuent
MRC-5 cultures and incubation until full cytopathic effect was
reached. The culture media was clariﬁed twice by centrifugation at
2100 rpm for 10 minutes, then virionswere pelleted at 25,000 rpm for
45 minutes at 4 °C. Virion DNA was extracted from the pellets and
ethanol precipitated as previously described (McVoy and Adler, 1994;
McVoy et al., 1997). BAC or virion DNA samples were restricted
overnight at 37 °C, electrophoretically separated on 0.7% agarose, and
visualized by ethidium bromide staining and UV light. Separated
fragmentswere transferred to Nytran nylonmembranes (Schleicher &
Schuell) and hybridized using 32P-labeled probes derived from
plasmids pON227, pON2333, or pON1101 as described previously
(McVoy and Adler, 1994; McVoy and Ramnarain, 2000).Viral growth curves
Frozen viral stocks were titered by limiting-dilution in 96-well
plates as previously described (Cui et al., 2008). ConﬂuentMRC-5 cells
in 75-cm2 ﬂasks were infected with each virus at an MOI of 4 for
single-step and 0.01 for multistep growth curves. Cultures were
washedwith PBS 3.5 h after infection to remove unattached virus, and
fresh medium was applied. Samples of culture media were removed
daily for 18 days for single-step or every other day for multistep
growth curves and titered by limiting dilution as described above.Acknowledgments
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